Production of reactive-oxygen species (ROS) by NADPH oxidases (NOXs) impacts many 27 processes in animals and plants and many plant receptor pathways involve rapid, NOX-dependent 28 increases of ROS. Yet, their general reactivity has made it challenging to pinpoint the precise role 29 and direct cellular targets of ROS. A well-understood ROS target in plants are lignin peroxidases 30 in the cell wall. Lignin can be deposited with exquisite spatial control, but the underlying 31 mechanisms have remained elusive. Here we establish a full kinase signaling relay that exerts 32 direct, spatial control over ROS production and lignification within the cell wall. We show that 33 polar localization of a single kinase component is crucial for pathway function. Our data indicates 34 that an intersection of more broadly localized components allows for micrometer-scale precision 35 of lignification and that this system is triggered through initiation of ROS production as a critical 36 peroxidase co-substrate. 37 As in animals, NADPH oxidase-produced ROS in plants is important for a multitude of 38 processes and the number of NADPH oxidase genes (10 in Arabidopsis, called RESPIRATORY 39 BURST OXIDASE HOMOLOGs, RBOHs, A-J) suggests a high complexity of regulation of ROS 40 production in plants. Among its many roles, ROS-dependent regulation of plant cell wall structure and 41 function is considered to be among its most critical 1 . The cell wall is the nano-structured, sugar-based, 42 2 pressure-resisting extracellular matrix of plants and NOXs are thought to be the predominant ROS 43 source in this compartment (also termed apoplast) 1 .
ectopic transduction of CIF1/2 signals through SGN3. An apolar, but kinase-dead variant of SGN1 was 139 also unable to induce ectopic lignification ( Fig. S1C ), suggesting that a phosphorylation relay 140 downstream of SGN1 is necessary for lignification. Previous data showed that sgn1 is less sensitive to high doses of externally applied CIF peptide, 144 consistent with a role of SGN1 downstream of the SGN3 receptor 15 , at least with respect to CIF-145 induced excess lignification. In order to address whether SGN1 is indeed a generally required 146 downstream component of the CIF/SGN3 pathway during CS formation, we evaluated whether the 147 5 sgn1 mutant is resistant to complementation by CIF2 peptide treatment. In contrast to the full 148 complementation of the discontinuous CS domain of cif1 cif2 double mutants, the sgn1 mutant did not 149 show full restoration of domain integrity, neither on 10 nM or 100 nM CIF2 medium ( Fig. 2A, S2A) . 150 While some degree of rescue occurred, only about 50% of discontinuities were rescued. This was 151 corroborated by testing CS functionality using the propidium iodide (PI) assay. Only a weak 152 complementation of barrier formation was observed even when grown on 100 nM CIF2 medium (Fig. 153 2B). Our results indicate that SGN1 functions downstream of CIFs/SGN3, but suggest that additional 154 factors can partially compensate for its absence, most probably homologs of the extended RLCKVII 155 family to which SGN1 belongs. We then tested for direct connectivity between SGN3 receptor kinase and SGN1 by carrying 158 out an in vitro kinase assay. Some RLCKVII members are reported to be phosphorylated and activated 159 by LRR receptor kinases 23, 24 . A Glutathione S-transferase (GST)-fused SGN3 kinase domain was 160 incubated with a kinase-dead form of a trigger factor (TF)-SGN1 fusion protein -which does not have 161 autophosphorylation activity -in the presence of radioactive ATP. Kinase-dead TF-SGN1 was 162 efficiently phosphorylated by SGN3 kinase domain, but not by a kinase-dead form of SGN3 in vitro 163 (Fig. 2C, S2B ). This further supports our model that SGN1 is a direct downstream component of the 164 SGN3/CIF pathway. Our generation of an apolar SGN1 thus appears to have reconstituted a functional CIF/SGN3 169 pathway at the stele-facing (inner) endodermal surface, causing ectopic lignification in the absence of 170 barrier defects. Yet, the second intriguing aspect of this manipulation is the observation that 171 lignification occurs almost exclusively at the inner endodermal edges (Fig. 1D ), the side where 172 endogenous CIF peptide must be assumed to be present. External treatment, by contrast, leads to 173 predominant lignification at the outer endodermal edges (Fig. 1B ). This surprising spatial correlation 174 between the site of signal perception and localized lignification suggests a very direct molecular 175 connection between the two events that would allow to maintain spatial information. In a cell primed 176 for lignification, i.e. with mono-lignol substrates available and polymerizing enzymes expressed, 177 lignification could be simply "switched on" by activating ROS production through NADPH oxidases.
178
Previously, we had found one of the NOXs, RBOHF, to be crucial for lignification at the CS.
179
Intriguingly, RBOHF is the only transmembrane protein known to accumulate at the Casparian strip 180 domain, safe the CASPs themselves 8 (Fig. 3A) . Moreover, homologous NADPH oxidases, such as 181 RBOHB or RBOHD, also present in the endodermal plasma membrane, are excluded from this domain 182 8 (Fig. 3A) . We therefore asked whether CIF peptides would induce lignification through activation of 183 6 RBOHF as a downstream component. To our surprise, CIF treatment still led to induced lignification 184 in rbohf, despite the fact that RBOHF, is strictly required for CS lignification in untreated conditions. 185 Yet, when RBOHD was knocked-out in addition to RBOHF, a complete absence of lignification upon 186 CIF treatment was observed (Fig. 3B ). The fact that RBOHD single mutant neither showed defects in 187 developmental CS lignification, nor in CIF-induced lignification, indicates that RBOHF is required for 188 both processes, but that upon strong stimulation with exogenous CIF peptide application, RBOHD can 189 be additionally used. Indeed, using the general NADPH oxidase inhibitor diphenyleneiodonium (DPI) 190 in short-term co-treatment with CIF was also able to fully block CIF-induced ectopic lignification in 191 wild-type with intact Casparian strips, further supporting that NADPH oxidases act downstream in the 192 CIF/SGN3 pathway ( Fig. S3A ). The direct activity of NOX enzymes is not lignification, but production of superoxide (O2 -) that 197 becomes dismutated to hydrogen peroxide (H2O2) in the apoplast 1 . We had previously established that 198 the different subcellular distribution of the SGN3 receptor and the SGN1 kinase only intersect at a very 199 restricted domain at the outer (cortex-facing) edge of the CS 16 ( Fig. 4A ). We therefore attempted to 200 visualize whether ROS might be produced locally in response to CIF treatment. Many ways exist to 201 visualize and quantify ROS, but only few allow for high spatial resolution and for discrimination 202 between extracellular and intracellular ROS. An older method, based on ROS-induced cerium 203 precipitation that can be detected using transmission electron microcopy (TEM), has been used by us 204 previously to demonstrate that a highly localized ROS production indeed occurs at the CS and is 205 dependent on NOX activity 8,25 (Fig. 4B ). Using this method, we could detect a strong ROS production 206 in response to CIF2, exclusively at the regions of endodermal-endodermal cell walls outside of the CS, 207 but nowhere along the endodermis-cortex cell walls, which are equally reached by the cerium chloride 208 and where NOX enzymes are also present in the plasma membrane ( Fig. 4B ,C). Based on this striking 209 spatial coincidence between the SGN3/SGN1 overlap region (Fig. 4A ) 16 and CIF2-induced ROS 210 production, we developed a procedure to quantitatively assess cerium precipitates and checked whether 211 this localized ROS production is indeed dependent on the SGN3 pathway ( Fig. 4D ,E, S4A, see also 212 Experimental Procedures section). For SGN3, we found that already steady-state ROS production was 213 undetectable in the mutant and that there was no increase upon CIF2-treatment ( Fig. 4D ,E). The sgn1 214 mutant showed lower, but still detectable steady state ROS levels, but no significant increase upon 215 CIF2-treatment ( Fig. 4D,E) . Thus, the highly localized ROS accumulation induced by CIF2 is entirely 216 dependent on the localized SGN3/SGN1 receptor module. As in the case of lignification, we observed 217 that CIF2-induced ROS can be produced by either RBOHF or RBOHD, as only the double mutant 218 caused a complete absence of ROS after CIF-stimulation. As expected, but not previously demonstrated, 219 7 the steady-state ROS production at the CS observed before stimulation was exclusively dependent on 220 RBOHF, but not RBOHD ( Fig. 4D ,E).
222
In contrast to lignin polymerization, suberin might not require NADPH oxidase activity. It was 223 shown previously that CIF2 triggers excess suberization in WT (Fig. S3B ) 15 . We found excess suberin 224 deposition in rbohD and rbohF upon peptide treatment, although a slight enhancement is already 225 observed in rbohF. In rbohDF, excess suberin deposition is very strong, even without treatment, likely 226 due to a strong activation of the surveillance system due to complete absence of a CS (Fig. S3B ). These The above data strongly suggest a direct connection between the SGN3/SGN1 kinase module 234 and the two NOX enzymes. We therefore conducted an in vitro kinase assay in order to ask whether 235 SGN1 can directly phosphorylate the N-terminal cytoplasmic region of RBOHF and RBOHD. We 236 found that recombinantly expressed TF-SGN1 could phosphorylate both the recombinant N-terminal 237 part of RBOHF and RBOHD (Fig. 5A ). Plant NOX regulation has been intensively studied and shown 238 to be highly complex, requiring possibly interdependent activities of kinases, as well as small GTPases 239 26 . We therefore tested whether SGN1 might be sufficient for activation of RBOHF activity in a cellular 240 context. To do so, we made use of a heterologous reconstitution system in human HEK293T cells, 241 which show very low endogenous ROS production and for which it had been previously demonstrated 242 that plant NADPH oxidases can be expressed and their activation mechanism be studied 27 . As a 243 positive control the previously described calcium-dependent kinase complex of calcineurin B-like 244 (CBL) interacting protein kinases 26 (CIPK26) and CBL1 was used and shown to be active ( Fig. 5B ).
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When expressing wild-type SGN1 in this cell line, we noticed that it did not activate RBOHF or 246 RBOHD, but that it also did not localize to the plasma membrane as in plant cells (Fig. S5A ). However, 247 when we used the functional, constitutively plasma membrane-localized myrpalm-SGN1 version, a 248 significant induction of ROS production was observed for RBOHF and to a lesser extent for RBOHD 249 (Fig. 5B, S5B ). The direct phospho-relay from SGN3 receptor, to SGN1 kinase to RBOHF and RBOHD 254 outlined above draws a direct molecular connection from perception of a peptide hormone stimulus to 255 8 cell wall lignification. Moreover, it accounts for both, the highly localized ROS production that we (Fig. 6A) 15, 18 . Neither the single, nor the double NADPH oxidase mutants display 266 discontinuous CASP1-GFP signals, indicating that ROS production is not required for this aspect of 267 the CIF/SGN3 pathway (Fig. 6A) . In order to directly demonstrate that formation of a continuous 268 CASP domain requires newly formed gene products, we treated our cif1 cif2 double mutant with CIF2 269 peptide in presence or absence of protein synthesis inhibitor cycloheximide (CHX). CASP1-GFP signal 270 strongly increased during 8 hours of CIF treatment, during which the discontinuous CASP1-GFP 271 domains became continuous. This effect was abrogated by CHX treatment (Fig. 6 B ,C, Movie S1).
273
The NADPH oxidase-independent branch of the CIF/SGN3 pathway is associated with MAP kinase 274 stimulation and causes strong activation of gene expression.
276
In pattern-triggered immune receptor signaling, gene activation is thought to depend in large 277 parts on activation of Mitogen-activated protein (MAP) kinases 28 . We therefore tested whether CIF-278 treatment leads to MAP kinase phosphorylation and indeed found that CIFs can induce MAP kinase 279 phosphorylation in a SGN3-dependent manner, further extending the molecular parallels between 280 immune receptor signaling and the CIF/SGN3 pathway and suggesting that gene induction in the CIF 281 pathway might equally depend on MAP kinase signaling (Fig. S6B ).
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We then undertook an RNA profiling of seedling roots at different time points (30, 120 and 284 480 min) after CIF stimulation, using wild-type, cif1 cif2 and sgn3 mutants as genotypes. 930 genes 285 were found to be differentially expressed across any of the genotypes and time points combined, using 286 a stringent cut-off (adj.-pval. <= 0.05 ; logFC >= 1 or logFC<=-1 ) (Table S1 ). After normalization of 287 batch effects, the three replicates clustered closely with a large degree of variance explained by the 288 peptide treatment in wild-type and cif1 cif2 (Fig. S6A ). Wild-type and cif1 cif2 samples showed nearly 289 identical responses (co-relation efficiency values were 0.90, 0.89, 0.94 at 30, 120, 480 min respectively), 290 with cif1 cif2 displaying a slightly stronger overall amplitude (Fig. 6D) . Importantly, sgn3 had virtually 291 9 no differentially expressed genes across treatments, indicating the specificity of the CIF responses and 292 further corroborating that SGN3 is the single, relevant receptor for CIF responses in roots (Fig. 6D , 293 S6A, Table S1 ). Our data extends on the previous data of Nakayama et al., by showing that all 5 CASP 294 genes are differentially regulated upon CIF-treatment ( Fig. S6C) . Moreover, we observed upregulation 295 of MYB36, a central transcription factor for Casparian strip formation and CASP expression, thus 296 potentially accounting for the increases in CASP1-4 expression 20,29 (Fig. S6C ). The fact that CIF 297 stimulates MYB36 expression also is consistent with the recent report that CIF treatment can enhance 298 ectopic endodermal differentiation, driven by overexpression of the SHR transcription factor 30 . indicates that many of the most significant, overrepresented terms in the "early response" (1) and 305 "strong and sustained" (2) gene clusters are related to immune and defense responses (response to 306 chitin, bacterium, callose, etc.), as well as responses to oxidative stress (Table S2 ). The top GO 307 categories of the late response cluster (3) were suberin/cutin biosynthesis, supporting our observation 308 that suberin accumulation is a late effect of CIF stimulation (Fig. S6D, S3B ,C) 15 . Additional, enriched 309 terms were related to oxidative stress and cell wall remodeling, nicely fitting the CIF2-induced ROS 310 production we observed. Intriguingly, the cluster showing late downregulation of gene expression 311 contains many overrepresented GO terms related to a wide variety of transport processes, reaching 312 from water, nitrate and ammonium transport, to primary and secondary metabolite or hormone 313 transport (Fig. 6D , Table S2 ). We interpret this as a consequence of CIF-induced lignification and 314 suberization, which must profoundly impact endodermal ability for shuttling organic and inorganic 315 compounds, as well as signaling molecules between stele and cortical root cell layers 10 .
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While GO terms related to lignification were also overrepresented, they were not as highly (Fig. S6E,F) . Moreover, MYB15, a transcription factor shown to be involved in stress and 327 10 MAMP(microbe-associated molecular pattern)-induced lignification 31 is about 6-fold induced after 30 328 min and about 17-fold after 120 min in both treated wild-type and cif1 cif2, nicely correlating with the 329 upregulation of peroxidases and laccases (Fig. S6E,F, Table S1 ). We then made use of two of the most 330 highly differentially expressed genes upon CIF2-treatment (PER15 and PER49) in order to establish 331 whether SGN1 and the NADPH oxidases are also required for gene regulation downstream of SGN3 332 activation. In qPCR analysis both peroxidase genes still showed a slight, but significant upregulation 333 upon CIF-treatment in the sgn1 mutant (compared to the complete absence of response in sgn3) (Fig. 334 6E-H), clearly indicating that, as for ROS production, SGN1 is an important, yet not absolutely 335 required, downstream component in CIF-regulated gene expression. When directly plotting peroxidase 336 fold-inductions in rbohF, rbohD and double mutant, a seemingly strong attenuation was observed ( Fig.   337 6F,H). However, when independently plotting gene expression in treated and untreated conditions 338 (Fig. 6E,G) , this lower fold-induction is largely explained by an already significant basal increase in 339 marker gene expression in rbohF and rbohD rbohF double mutants. Indeed, both mutants display an 340 absence of Casparian strips, which should lead to an endogenous stimulation of the SGN3 pathway, 341 nicely supporting the barrier surveillance model. Absolute expression of both marker genes in the 342 NADPH oxidase mutants is in effect higher than in wild-type after CIF treatment, leading us to 343 conclude that ROS production and gene activation in response to CIF are two independent branches 344 of this signaling pathway, with the branching occurring downstream of the SGN1 kinase. We finally 345 wanted to know whether the mis-localization of the SGN1 kinase reported initially is only affecting 346 CIF/SGN3 signaling at the plasma membrane, or whether it also affects gene activation. We found that 347 both PER15 (Fig. 6I ) and PER49 (Fig. 6J) The data presented here delineate an entire signaling pathway. Previously, SGN3 had been 355 established as the receptor for CIF1 and 2, but its connection to SGN1 had exclusively been based on 356 genetic evidence. Here we show that SGN3, SGN1 and RBOHD/F are, biochemically and functionally, 357 part of a signal transduction chain, leading directly from localized peptide perception to localized ROS 358 production and lignification (Fig. 6K) . Moreover, the pathway branches downstream of SGN1, leading 359 to MAP kinase activation and stimulation of gene expression. Some of the most strongly induced genes 360 being peroxidases and laccases that would further enhance and sustain lignification. The SCHENGEN 361 pathway therefore elegantly integrates fast, plasma membrane-based responses that maintain 362 positional information (ROS and lignin is produced close to where the ligand is perceived) and slower, 363 gene expression-based responses, which have lost positional information, but would allow to enhance 364 and maintain the ROS-burst-controlled activation of peroxidases (Fig. 6K ).
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The SCHENGEN pathway bears a striking overall resemblance to well-established signaling 367 pathways for perception of MAMPs. In MAMP perception, structurally similar receptor kinases, such 368 as FLS2 or EFR bind to microbial patterns and transduce this signal through kinases of the RLCKVII 369 family, such as BIK1 or PBLs, which are homologs of SGN1 32 . BIK1 in turn was shown to phosphorylate 370 RBOHD, driving the well-described MAMP-induced ROS burst 33, 34 . Moreover, it has recently been 371 shown that kinases of the RLCKVII family directly phosphorylate MAPKKKs, which now . Moreover, lignin was speculated to originate from phenylpropanoid-derived defense compounds, 383 making it plausible that immune signaling pathways have been at the origin of developmental regulation 384 of lignification. The intriguing innovation of the SCHENGEN pathway would then reside in the 385 subcellular arrangement of its signaling components, especially that of SGN1. Indeed, we demonstrate 386 that polar localization of SGN1 to the outside of the Casparian strip domain is crucial for barrier 387 function -since its simple mis-localization to the inside leads to ligand-and receptor-dependent 388 overlignification at inner cell corners. Thus, the only feature that arrests signaling in wild-type is the 389 formation of a lignified diffusion barrier in the cell wall, preventing access of the stele-produced 390 peptides to SGN3 receptors at the outer domain -as the only population able to stimulate the polar 391 SGN1 kinase. Since we have shown here that a main read-out of the SCHENGEN pathway is cell wall 392 lignification itself, this designs a fascinating, spatial negative-feedback loop, in which SCHENGEN 393 pathway-stimulated lignification feedback-regulates itself once enough lignin has been produced to 394 form a tight diffusion barrier and to fully prevent further CIF peptide penetration to the outside. It will be important to further describe the extent to which the SCHENGEN pathway uses 397 components of MAMP signaling (as for example the requirement for SERK-family co-receptors, which 398 has not been demonstrated yet for SGN3), but we propose that our findings on the SCHENGEN 399 pathway function can be of considerable interest for MAMP receptor signaling. The particular, 400 restricted spatial overlap of receptor and downstream kinase has allowed us to visualize that, even if 401 NADPH oxidases are non-localized (as in the case of RBOHD), ROS can be locally produced in a 402 micrometer-scale region at the plasma membrane, through localized receptor stimulation. In MAMP 403 receptor signaling, the non-localized nature of both MAMP receptor and NADPH oxidase would not 404 have allowed to visualize this unexpected degree of spatial control. Yet, during actual microbial 405 infections, highly-localized receptor stimulation and ROS production might indeed occur and be 406 relevant for the outcome of the immune response. In addition, while it is established that MAMP-407 stimulated ROS production is an important part of the immune response, its direct molecular 408 downstream action is not well understood. Lignin production has long been associated with immune 409 responses, as well as responses to cell wall damage, yet a direct molecular connection from MAMP 410 perception to lignification has rarely been drawn 31 . It will be intriguing to investigate whether and how 411 much MAMP-induced ROS production is actually used for lignification during defense and to which 412 degree this explains the importance of ROS in plant defense responses.
414
The SCHENGEN pathway might not be limited to regulation of lignified diffusion barriers, 415 as it has been shown that it is also important in the formation of the embryonic cuticle. The peptide 416 ligand used in this context has not been identified and it remains unclear whether an equally precise 417 barrier surveillance mechanism is also acting to ensure separation of endosperm and embryo during 418 embryonic cuticle formation 36 . In this context, the SCHENGEN pathway might be used to drive 419 production and deposition of cutin instead of lignin and suberin as in the case of the endodermis. In 420 the future, it will be fascinating to investigate whether the SCHENGEN pathway is of even broader 421 developmental significance and to understand the molecular basis that enables its distinct, organ and 422 cell-type specific activities. 
